ABSTRACT: Sickle cell anemia (HbSS) is characterized by hypermetabolism, chronic inflammation, and increased oxidative stress, but the relationship between these factors is undefined. In this study, we examined indicators of inflammatory process and markers of oxidative damage and their impact on resting energy expenditure (REE) in stable HbSS adolescents (n ϭ 35) and healthy controls carrying normal hemoglobin genotype (HbAA) (n ϭ 39). C-reactive protein (CRP), white blood cell (WBC) count, and proinflammatory cytokines were measured as markers of inflammation and 2,3-dinor-5,6-dihydro-15-F 2t -isoprostane (F2-IsoPM) as a marker of oxidative stress. REE was measured by indirect calorimetry. WBC counts (11.90 Ϯ 5.3 ϫ10 3 /L versus 5.6 Ϯ 1.9 ϫ10 3 /L; p Ͻ 0.001), serum CRP (9.1 Ϯ 11.0 g/mL versus 0.4 Ϯ 0.7 g/mL; p Ͻ 0.001) and serum IL-8 (7.5 Ϯ 4.4 pg/mL versus 5.5 Ϯ 4.8 pg/mL; p ϭ 0. 
P atients with sickle cell anemia (HbSS) suffer from acute, painful vaso-occlusion crises, infections, and lifethreatening acute chest syndrome (1, 2) . The period between the painful crises, during which the patient is symptom free, is considered the steady state (3) . When compared with healthy controls (HbAA), patients with HbSS are hypermetabolic and show several abnormalities of the immune system, including high WBC counts, elevated serum levels of acute phase proteins such as CRP and of proinflammatory cytokines (4 -6) .
Sickled red blood cells from Hgb deoxygenation are a significant source of reactive oxygen species (free radicals) (7) (8) (9) , which may be involved in the pathogenesis of vasoocclusion and acute chest syndrome in sickle cell disease and promote the formation of a series of prostaglandin-like compounds such as F 2 isoprotanes (10, 11) . These compounds are produced in vivo in human tissues from free radical-catalyzed peroxidation of membrane-bound arachidonic acid, a reaction that occurs independently of the cyclooxygenase enzyme (12) . F 2 isoprotanes have been used as clinical markers of oxidative stress in various chronic diseases (13) (14) (15) . In the present study, oxidative status was assessed by urinary levels of F2-IsoPM, an abundant ␤-oxidation metabolite of 8-isoprostaglandin-F 2, which is most frequently used in human studies as an index of oxidative status (16) .
Increased REE is a major metabolic change associated with HbSS. We and others have shown that in symptom-free children and adolescents with HbSS, REE is approximately 15%-20% higher than in HbAA (17) (18) (19) . This alteration in REE has been attributed to higher cardiac output and increased protein turnover (20) and was also shown to be associated with inflammation (5) . However, a potential role of oxidative stress in aberrations of energy metabolism in HbSS is unknown. We hypothesized that increased inflammatory and oxidative processes could contribute to the increased REE observed in steady-state HbSS. To test this hypothesis, we measured REE, markers of inflammation (CRP, proinflammatory cytokines), circulating WBCs, reticulocyte proportion (RetCt%), and marker of oxidative stress (F2-IsoPM) and assessed their effect on REE in a group of steady-state HbSS adolescents and matched HbAA.
MATERIALS AND METHODS
Study population. Thirty-five African-American 9-to 15-y-old adolescents with HbSS and 39 Tanner stage matched adolescent HbAA were studied at the Vanderbilt University General Clinical Research Center (GCRC). They were participants of a 3-y prospective study designed to assess metabolic consequences of HbSS in adolescence. The age range was chosen because the growth spur in adolescence could affect energy metabolism. HbSS adolescents were identified and screened for participation in the study at the Pediatric Sickle Cell Clinic at Vanderbilt in Nashville and at the MidSouth Sickle Cell Clinic in Memphis, TN. HbSS participants included 22 boys and 13 girls. The control group consisted of 19 boys and 20 girls and was also matched for weight and fat-free mass (FFM) with HbSS group. Standard electrophoresis methods were used to confirm the diagnosis of HbSS (21) .
Patients with vaso-occlusive or pain crisis in the past 2 mo; receiving chronic transfusion; being on hydroxyurea therapy; having apparent metabolic, skeletal, hepatic, and renal dysfunction; or taking drugs known to affect energy metabolism as well as pregnant females were excluded from the study. To eliminate the influence of menstrual function on energy expenditure, females were tested for pregnancy, and, if menstruating, they were studied in a follicular phase of the menstrual cycle (22) . At the beginning of the study, a medical history was obtained and participants underwent a complete physical examination. Adolescents and parents received written and verbal information about the nature and purpose of the study. Informed assent and consent was obtained from each study participant and parents at enrollment in accordance with the Declaration of Helsinki. The study protocol was approved by the Institutional Review Board at Meharry Medical College and Vanderbilt University School of Medicine.
Study protocol. Study participants were scheduled for a visit and admitted on the afternoon preceding the 3-d study to the GCRC at Vanderbilt University Medical Center. On that afternoon, weight, height, and body composition were measured. During the study, participant received a diet designed by a study dietitian and based on assessed requirements and individual preferences. The diet was prepared at the GCRC metabolic kitchen and contained 50 Ϯ 5% of the energy from carbohydrate, 30 Ϯ 3% from fat, and 15 Ϯ 3% from protein, and all required micronutrients. Participants spent the following day (0630 to 0630 the next day) in the whole-room indirect calorimeter, in a strictly controlled environment (temperature and humidity) and followed a standardized protocol. This approach eliminated possible influence of physical activity and, at least in part, other environmental factors on outcome variables. We have previously described the procedure in the room calorimeter (18) .
Sample collection. Fasting blood samples were collected in evacuated blood collection tubes by venipuncture from an antecubital vein on the morning after the 24-h stay in the room calorimeter. Blood samples for cytokines analyses were allowed to clot at room temperature and centrifuged for 5 min in a refrigerated (4°C) centrifuge at a speed of 3000 x g. Urine was collected at specific times: on the day of admission (from arrival through the night), during (from 0600 to 2100 and throughout the night) and after the 24-h metabolic study (0600). Serum samples and urine specimens were immediately stored at Ϫ80°C and Ϫ70°C, respectively, until analysis.
Analytical procedures. Hematological parameters (WBC count, RetCt %, ferritin, albumin, platelet count, red blood cells, red blood cell folate, packed cell volume, and whole blood Hgb concentration), thyroid-stimulating hormone, growth hormone, and CRP were measured at Vanderbilt's hospital laboratory using standard methodology.
Cytokine measurement. A panel of human inflammation cytokines consisting of IL-1␤, IL-6, IL-8, IL-10, IL-12p70, and tumor necrosis factor ␣ (TNF-␣) was measured using the Human Inflammation Cytokine Cytometric Bead array kit (BD Biosciences Pharmingen, San Diego, CA). The kit provides a mixture of six microbead populations precoated with captured antibodies specific for the inflammation cytokines and each with distinct fluorescent intensities. Amplified fluorescence detection was done by flow cytometry to quantify soluble protein in a bead-based immunoassay. FACs Scan Flow cytometry (BD Biosciences Pharmingen) was used for sample acquisition, and cytokine levels were quantified by their computed mean fluorescent intensity using the CBA software (BD Biosciences Pharmingen).
Isoprostane measurement. F2-IsoPM was purified from urine samples, derivatized, and quantified by gas chromatography/mass spectrometry with negative ion chemical ionization mass spectrometry (23) . The assay has a very high accuracy (97%) as determined by a standard curve and a precision of Ϯ4%. The F2-IsoPM values were adjusted by urine creatinine.
Body composition. Body weight was measured to the nearest 0.05 kg with a digital scale with the participants wearing light clothing and no shoes. Fat mass (FM) and FFM were assessed by dual energy x-ray absorptiometry (DEXA, Lunar Prodigy, GE Medical Systems, Madison WI, children software, v. 9.15).
REE. REE (kcal/min) was measured using a whole-room indirect calorimeter and was defined as the average energy expenditure during a 30-min period while the subject lay quietly in bed on the morning after an overnight sleep and 10 h of fasting. The amount of oxygen used (VO 2 ) and carbon dioxide expelled (VCO 2 ) was calculated by multiplying measured changes in O 2 and CO 2 concentration in the air sampled from inside the room calorimeter by the flow rate of the purged air on a minute-by-minute basis. The energy expenditure during periods when body motion was detected by a precision force platform was excluded from REE calculations (18) . Regression models of REE based on predictors FFM and FM were used rather then division of REE by FFM, since division by FFM does not account for nonzero intercepts typically observed in these regressions (24) .
Statistical analysis. Sample size was calculated using data from our preliminary study showing that there is a significant difference in 8-Iso-PGF 2␣ concentration, a major urinary metabolite, between HbSS (n ϭ 21) and HbAA (n ϭ 25) (3.92 Ϯ 3.00 ng/mg creatinine versus 1.40 Ϯ 0.52 ng/mg creatinine; p ϭ 0.001, t test). Using a two-sided t test with a significance level of 0.05, we calculated that 16 participants would provide 90% statistical power to detect difference between HbSS and HbAA. The Mann-Whitney U test was used to compare variables between groups. Before analysis, cytokine and CRP values below the detection limit were set at 0.1 pg/mL and 0.001 ng/mL, respectively. Multiple linear regression analysis was performed on REE by using a backward elimination approach. The covariates that were considered for inclusions in the modeling were FFM, sex (male versus female), Hgb, WBC, F2-IsoPM, IL-8, RetCt%, and CRP. Association between variables was assessed by the Spearman's correlation test. Residual analysis was performed for evaluation of model adequacy and outliers. A p value of Ͻ0.05 was considered statistically significant. Values in tables are reported as means Ϯ standard deviation (SD). Statistical analyses were performed using SPSS version 14.0 (SPSS Inc., Chicago, IL).
RESULTS

Subject characteristics and hematological parameters.
Body weight, height, and FFM were not significantly different between HbSS and HbAA groups ( Table 1) . Percentage of body fat was not significantly different between HbSS and HbAA, but girls had a higher percentage of body fat than boys in either group (Table 1) . In each group, FM was also significantly different between girls and boys (13.9 Ϯ 9.6 kg versus (Table 1) . HbSS girls had slightly higher plasma concentration of growth hormone than HbSS boys (p ϭ 0.048) ( Table 1) . As expected, most of hematological parameters were significantly different between HbSS and HbAA ( Table 2) . C-reactive protein. CRP concentration was significantly higher in HbSS patients than HbAA. Mean values were 9.12 (range, 0.2-52.6) g/mL versus 0.39 (range, 0.001-3.1) g/mL (p Ͻ 0.001); (Fig. 1A) . Of the 35 steady-state HbSS patients, only four (11%) had a serum CRP concentration Ͻ0.50 g /mL or not detectable. Twelve (34%) of the HbSS patients had CRP levels ranged between 1 and 5 g/mL and Ͼ50% had a CRP concentration ranging between 5.7 and 52.6 g/mL and averaging 15.6 g/mL. Serum CRP of the majority (89%) of HbAA was either Ͻ0.5 g/mL or not detectable. In the HbSS group, CRP concentration was significantly correlated with IL-8 (Spearman rho ϭ 0.410; p ϭ 0.022) (Fig. 2A) .
Serum cytokines. IL-8 was significantly higher in the HbSS patients when compared with HbAA (7.5 Ϯ 4.4 versus 5.5 Ϯ 4.8 pg/mL; p ϭ 0.011) (Fig. 1B) . Differences between HbSS and HbAA in IL-1␤, IL-6, IL-10, IL-12p70, and TNF-␣ serum concentration were not significant.
Isoprostanes and HBSS. Urinary F2-IsoPM was significantly higher in HbSS patients than HbAA (1.15 Ϯ 0.37 ng/mg creatinine versus 0.74 Ϯ 0.35 ng/mg creatinine; p Ͻ 0.001) (Fig. 1C) . F2-IsoPM was correlated with IL-8 (Spearman rho ϭ 0.350; p ϭ 0.05) (Fig. 2B) and RetCt% (r ϭ 0.447; p Ͻ 0.001). There was also a significant correlation between F2-IsoPM and REE adjusted for FFM (Spearman rho ϭ 0.343; p ϭ 0.006).
Energy expenditure, oxidative stress, and inflammation. As expected, REE was higher in HbSS than HbAA (p Ͻ 0.001) ( Table 1) . FFM (p Ͻ 0.001), sex (male versus female; p ϭ 0.06), and disease status (HbSS versus HbAA; p ϭ 0.008) were significant predictors of REE (overall adjusted r 2 ϭ 0.658; p Ͻ 0.001). Multiple regression analysis in HbSS adolescents showed that also Hgb (p ϭ 0.010), F2-IsoPM (p ϭ 0.058), and IL-8 (p ϭ 0.001) were significant predictors 
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INFLAMMATION AND SICKLE CELL ANEMIA of REE (overall adjusted r 2 ϭ 0.788) ( Table 3) . Standardized residuals of IL-8 and F2-IsoPM, CRP, and WBCs were plotted against standardized residuals of REE when all were adjusted for the effect of FFM and Hgb (Fig. 3A-D) .
DISCUSSION
This study shows that both low-grade inflammation and elevated oxidative stress were present in absence of clinical acute crises in adolescents with HbSS. Furthermore, elevated level of inflammation and oxidative stress markers were associated with higher rates of REE.
Sickle cell disease has been characterized as an inflammatory condition due to abnormally high leukocyte counts (25) and increased levels of WBCs during and after vaso-occlusive crises or acute chest syndrome (26) . In a recent study, an association of inflammation with hypermetabolism has been documented in HbSS children (5) . Our study extends these findings by showing that steady-state HbSS adolescents, in addition to a low-grade inflammation, have elevated level of F2-IsoPM, suggesting increased oxidative stress. The results also support our hypothesis that increased inflammatory and oxidative processes are correlated with elevated REE observed in HbSS.
CRP is an acute-phase protein that is produced by hepatocytes upon stimulation by the cytokines IL-6, IL-8, IL-1␤, and TNF-␣. Its primary role is to both enhance the immune system and protect against tissue damage. As a marker of inflammation, CRP has been used to predict prognosis and relapse in patients with some chronic diseases as well as morbidity in others (27) . In this study, we found that CRP concentration was higher in HbSS than in HbAA, suggesting a covert inflammatory response despite the absence of crisis. Intracellular sickle Hgb polymerization is a major factor in the abnormality of sickle erythrocytes. It was proposed that this abnormality may contribute to oxidative damage of the lipid bilayer and membrane integrity in sickle cell disease (10) . Thus, the elevated CRP in HbSS may be in response to endothelium damage due to the blockage of the vascular endothelium by sickled erythrocytes.
In comparing the cytokine pattern, we found that IL-8 was significantly higher in HbSS than in HbAA. IL-8 is a proinflammatory cytokine whose primary function during infection and inflammation may involve the recruitment and activation of neutrophils and lymphocytes to the site of tissue damage. Earlier investigations revealed that expression of IL-8 is associated with inflammation (28) . Because of a high interindividual variations in IL-8 level in both groups (Fig. 1B) , a clinical importance of this difference is unclear and requires further investigation.
We did not observe any significant increase in the level of other inflammatory cytokines such as IL-6. This and the lack of a significant correlation between REE and the cytokines suggest that observed increased REE was not a result of metabolic aberrations characteristic to the acute stress. Higher RetCt%, CRP, and WBCs count may rather confirm a notion that HbSS is a form of chronic inflammatory condition (29) . These results are similar to a recent study by Hibbert and colleagues (5) , indicating an unusual inflammatory profile in children with HbSS. The authors postulated that significantly reduced monocyte chemoattractant protein-1, leptin, and IL-10 and increased CRP and IL-6 observed in their study may represent a sum of compensatory mechanism to control possible harmful effects of chronic hyperinflammation in HbSS.
In our assessment of oxidative stress using components of the F 2 isoprotane family as markers, we found that urinary excretion of F2-IsoPM was significantly higher in the HbSS patients than in HbAA. It has been reported that acute chest syndrome in HbSS causes a ninefold increase in plasma F 2 isoprostanes when compared with normal volunteers (14) . The authors concluded that although the sources of free-radical generation were likely to be multiple, the reduction of oxygen delivery to tissues in the acute chest syndrome favors the formation of oxygen-related radicals, which can react with nitric oxide to form other oxygen-nitrogen reactive compounds. It is worth noting that in that study, there was 10-fold interindividual variability. These results, however, were not discussed by the authors, probably because of a small sample number (n ϭ 5). In our present study, we also found a (5, 32) . It is well documented that REE is 15%-20% higher in HbSS children and adolescents than in HbAA (17) (18) (19) . Postulated mechanisms of this increase include elevated cardiac output, necessitated by the low oxygen-carrying capacity of the blood and increased protein turnover in HbSS (20, 33) . We have estimated that approximately 50% of the increase in REE is due to increased protein synthesis requirements (34) . This study shows that REE is correlated with biomarkers of both chronic inflammation (IL-8) and oxidation (F2-IsoPM), and thus these factors may contribute to the increased REE in steady-state adolescents with HbSS. Whether increased WBC count and subsequent production of proinflammatory cytokines in HbSS is due to oxidative damage or caused by inflammation warrants further investigations.
Our study must be interpreted within the context of our experimental design. We have assumed that measured biomarker levels were directly linked to oxidation and inflammation. These markers, however, are indirect measurements of oxidation and inflammation. There is also a possibility that the isoprostanes formed are not a result of lipid peroxidation, but are a marker of increased cyclooxygenase turnover, which has been demonstrated in patients with sickle cell disease (35) . Although formation of isoprostanes via a cyclooxygenasemediated mechanism could occur, it usually produces a trivial amount of these compounds (12) . Thus, cyclooxygenase turnover was not likely to have produced the increases in isoprostane levels we observed. Another limitation is that we could not determine whether the increased level of F2-IsoPM observed in HbSS was caused by the increased production of reactive oxygen species or by the decreased antioxidant defense mechanism. Choosing to study only patients with no vaso-occlusive crisis within 2 mo may also have biased the study toward a subgroup of sickle cell anemia with less frequent pain and perhaps more hemolysis and endothelial dysfunction (36, 37) . In our analyses, we did not take under consideration elevated plasma ferritin levels in HbSS adolescents. Ferritin is an acute phase reactant and its elevation in HbSS might be a sign of chronic inflammation (38) . However, the relationship between plasma ferritin and inflammation might be distorted by previous transfusions, ascorbate deficiency, fever, infection, and hepatic dysfunction, all of which could occur in patients with sickle cell disease (39) . Finally, the study cannot answer the question of how much inflammation contributed to the observed higher REE in HbSS adolescents.
In summary, our findings suggest that low-grade inflammation and increased oxidative stress present in steady-state HbSS adolescents are correlated with elevated REE.
